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The scattering of neutrons and X-rays by a material is the result of scattering contrast between 
the various components within the chosen media. Rocks are somewhat transparent to neutrons 
and also X-rays to a lesser extent. The physical property responsible for neutron scattering is the 
coherent scattering amplitude (nuclear potential), while for X-rays it is the electron density 
(electric charge) (Radlinski, 2006). Scattering contrast is the square of the difference between 
the scattering length densities of the components being anlaysed.  
 
Coals are chemically heterogeneous materials at every scale level. However, the scattering 
contrast between the coal matrix and the pore (void) space is considerably larger than the 
contrast variations within the coal matrix itself (Radlinski et al., 2004). Neutron scattering sees 
sedimentary rocks as a two-phase system, rock material and pore space, irrespective of the 
organic/inorganic composition (Radlinski, 2006). For X-rays, the matrix-void contrast for organic 
material is about 25% of that for inorganic material. Hence, if the rock is composed purely of 
organic material or inorganic material the system remains two-phase and the information 
obtained using X-ray scattering will be the same as that for neutron scattering. However where 
there are contributions of both organic and inorganic matter in the rock, the system will be 
three-phase for X-ray scattering and the data obtained will differ from that obtained by neutron 
scattering (Radlinski, 2006). 
 
 
Generally coals are known to be extremely microporous materials with very high surface areas (Figure 1). 
Since the pore network also serves as a path by which gases and fluids enter and move through the coal, the 
knowledge of surface area, pore size distribution and porosity is a necessary input for understanding the 
movement of gas and fluids through coal.  
 
Gas is stored by the coal in four basic ways: (1) as limited free gas within the micropores and cleats (fractures); 
(2) as dissolved gas in water; (3) as adsorbed gas held by molecular attraction on coal particles, micropore, and 
cleat surfaces; and (4) as absorbed gas within the molecular structure (Yee et al., 1993). Gas adsorption upon 
the internal surface area of coal is considered to be the most important mechanism for gas retention.  
 
The subbituminous Huntly coalfield, a key coal producing basin in New Zealand, is being investigated for its  
coal seam gas and underground coal gasification potential. Three major coals types have been identified, all 
bright in lustre with varying proportion of matrix and vitrain bands (Mares and Moore, 2008). The current 
study uses small angle scattering techniques to investigate the microstructure of both the matrix and vitrain 
components to the angstrom (Å) level, and considers the implications of porosity size distribution for coal 
seam gas. 
 
 
The coal samples analysed for this study were selected 
from cores collected as part of a coal seam gas exploration 
program. As such, coal properties have been analysed on 
the 0.5m intervals of the desorption samples (Table 1, 
Figure 2). Further discussion of the properties of the 
Huntly coals and the methods of analysis have been 
reported elsewhere (Mares and Moore, 2008; Mares et al.; 
2009; 2012). 
  
Samples for SAS analyses were prepared at the 
Sedimentology Laboratory of Geoscience Australia. 
Samples were prepared as solid platelets (typically 20x30 
mm), cut both perpendicular and parallel to the bedding 
plane, and cut as thin as possible (<1 mm) to avoid the 
effects of multiple scattering (Radlinski et al. 1999).  
  
Samples 
Relative 
density g/cc 
Ash %     
db 
Sulphur % 
daf 
 Carbon % 
daf 
Hydrogen % 
daf 
Nitrogen % 
daf 
Oxygen % 
daf 
SAXS SLD (ρel) 
cm-2 
SANS SLD (ρn)  
cm-2 
M
at
ri
x 
318 x 1.41 12.9 0.36 74.6 5.3 1.1 18.7 9.10E+10 2.49E+10 
318 p 1.36 2.7 0.28 75.4 5.1 1.2 18.0 8.78E+10 2.46E+10 
319 x, p 1.35 3.0 0.22 75.8 5.2 1.2 17.5 8.71E+10 2.42E+10 
610 x, p 1.35 2.9 0.22 75.0 5.1 1.2 18.5 8.71E+10 2.46E+10 
611 x, p 1.36 5.4 0.25 74.0 5.2 1.2 19.4 8.78E+10 2.42E+10 
612 x, p 1.35 3.1 0.25 74.4 5.1 1.2 19.1 8.71E+10 2.43E+10 
320 p 1.35 2.2 0.29 75.1 5.1 1.2 18.4 8.71E+10 2.44E+10 
320 x 1.33 2.2 0.32 75.7 5.4 1.1 17.6 8.58E+10 2.32E+10 
321 x, p 1.32 1.7 0.31 75.9 5.2 1.1 17.5 8.52E+10 2.38E+10 
322 p 1.33 2.2 0.26 76.6 5.5 1.0 16.8 8.58E+10 2.30E+10 
322 x 1.34 2.3 0.25 75.7 5.2 1.1 17.7 8.65E+10 2.40E+10 
V
it
ra
in
 
323 x 1.33 2.6 0.31 75.2 5.4 1.2 17.9 8.58E+10 2.32E+10 
323 p 1.33 2.8 0.32 75.2 5.3 1.2 18.0 8.58E+10 2.34E+10 
326 x 1.34 4.6 0.41 75.5 5.5 1.0 17.6 8.65E+10 2.30E+10 
326 p 1.50 25.4 0.59 71.8 6.0 0.9 20.6 9.68E+10 2.31E+10 
327 x, p 1.32 2.2 0.35 76.9 5.4 1.1 16.3 8.52E+10 2.31E+10 
328 x, p 1.34 2.6 0.26 75.8 5.3 1.0 17.5 8.65E+10 2.37E+10 
x = perpendicular to bedding plane sample, p = parallel sample, db = dry basis, daf = dry, ash free basis, SLD = scattering length density. 
 
Pore size distributions and internal specific surface area (SSA) were able to be measured 
with SAXS/USAXS for the linear scale range from 1 nm and 2 μm and with SANS/USANS 
for the linear scale range from 1 nm and 10 μm. Findings are as follows: 
 
The SSA of the samples ranged from 1.25 x 106 cm-1 to 2.88 x 107 cm-1, the vitrain 
samples had higher SSA than the matrix samples. 
Total (open and closed) porosity of analysed dry samples varies from 16% to 25%. 
The contribution of microporosity to total porosity was 45% to 60%,  while 
macroporosity contributed 9% to 25% of the total porosity. On average the vitrain 
samples have larger total porosities than the matrix samples, with the extra 
porosity predominantly contributed by mesopores. 
Micropores were found to contribute the majority of the available specific surface 
area, with macropores contributing only a negligible amount. 
Holding capacities for CH4 and CO2  daf were found to be correlated with 
microporosity. However, for “as analysed” gas holding capacities, there was no 
correlation between CH4 and microporosity data, whereas the CO2  data were 
negatively correlated with both SSA and microporosity. Both daf and “as 
analysed” CH4 holding capacity showed positive correlation with macroporosity, 
suggesting that gas holding capacity is affected by the presence of moisture 
blocking access to gas adsorption sites in smaller pores. 
 
Pore sizes in coals have been divided into three distinct classes: (1) micropores with 
diameters < 2 nm (20 Å), (2) mesopores with diameters ranging from 2 nm to 50 nm (500 
Å) and (3) macropores with diameters > 50 nm (van Krevelen, 1993).  
 
Total porosity of the dry coal samples analysed was found to vary from 16% to 25%. The 
total porosity for each sample is shown in Figure 3A; it is interesting to note that for all 
samples, micropores contribute around 45 to 60% of the total porosity. It can be seen 
that, on average, the vitrain samples have a larger total porosity than the matrix samples 
(Figure 3B). In addition, the vitrain samples have a larger proportion of mesopores than 
the matrix samples in spite of having a similar proportion of micropores in the 10 Å – 20 Å 
size range. 
 
The specific surface area (SSA) results calculated in this study, ranging from SSA = 1.25 x 
106 cm-1 (cm2/cm3) to 2.88 x 107 cm-1, fit well with the long-established trend of SSA 
increasing with decreasing rank for coals with vitrinite reflectance less than 1.0% (Gan et 
al., 1972; Radlinski et al., 2004). The SSA for vitrain samples was larger than that for matrix 
samples. The proportion of SSA contributed by each of the pore size classes is shown in 
Figure 3C. Clearly, the micropores contribute the greatest amount of SSA with the 
macropores contributing an almost negligible fraction.  
 
Figure 3D presents the total porosity results for the Huntly coal samples superimposed on 
coal porosity trend curves from Berkowitz (1979), supplemented with data from King and 
Wilkins (1944), Gan et al. (1972), Radlinski et al. (2004) and Day et al. (2008a). The data 
from this study fits reasonably well with the previously cited trend, possibly even being a 
little lower than might be expected for coals of this rank, although more microporosity is 
likely to exist below the 10 Å experimental cut-off. 
 
 
 
Figure 1. Porosity seen in Huntly coal: A-D in vitrinite; E-F in inertinite. 
 
Isotherms for CH4 and CO2, related to the analysed samples, are shown in Figure 4. When CH4 and CO2 holding 
capacities are compared on a dry ash-free (daf) basis, direct associations can be seen with both microporosity 
and total porosity, with CH4 holding capacity also linked to macroporosity (Table 2). In contrast, when using “as 
analysed” values, holding capacities for CO2 are indirectly associated with SSA, microporosity, mesoporosity and 
total porosity, whereas holding capacity for CH4 continues to be directly associated with macroporosity and 
mesoporosity. Because the Huntly coals have very low inorganic matter content, the difference between “as 
analysed” holding capacities and the adsorption capacities recalculated to dry ash-free basis must 
predominantly be caused by moisture. From the results in Table 2 it appears that micropores are particularly 
affected. While limited samples have been used here, the result agrees with published literature (Bustin and 
Clarkson, 1998; Day et al., 2008b) and moisture content has previously been found to be critical in evaluating the 
storage capacity of the Huntly coals (Crosdale et al., 2008). 
 
The small angle scattering approach used here measured open and closed porosity at ambient temperature. 
Recently studies have investigated the proportion of accessible (open) and inaccessible (closed) pores. He et al. 
(2012) found their samples had total porosities ranging from 7% to 13%, with ~13% to ~36 % of this porosity 
being inaccessible to CH4. Interestingly this is the same volume % for all samples regardless of rank (Figure 5). 
Melnichenko et al. (2012) found that 90% of macroporosity was open to CH4 and CO2 while only 30% of 
mesopores were accessible, and Sakurovs et al. (2012) reported that most small pores (<10 nm) were 
inaccessible. Any gas trapped in these closed pores is likely measured in the residual (Q3) fraction. 
 
It has also been suggested that pores <100 nm in diameter not favourable for coal permeability (Liu et al., 2009; 
Yao et al., 2008). Considering the possibility of water blocked micropores and potentially limited connectivity 
with mesopores (2 – 50 nm in diameter) it is likely that smaller pores do not contribute to porosity and 
permeability measured in field tests. If just the macropore fraction (>50 nm) measured here is considered, 
numbers in the range of 1-5% are obtained, similar to those used in CSG modelling (Zarrouk and Moore, 2009).  
 
 
 
 
In this study, four separate instruments were used: SAXS (Small Angle X-ray Scattering), USAXS 
(Ultra-small Angle X-ray Scattering), SANS (Small Angle Neutron Scattering) and USANS (Ultra-small 
Angle Neutron Scattering). The pinhole-geometry SAXS instrument at ChemMatCARS, sector 15 of 
the Advanced Photon Source (APS), Argonne National Laboratory, was used to obtain information in 
the Q-range (Q = scattering vector) from 1.1 Å-1 to 2.9 x 10-2 Å-1. The Q-range of the SAXS data was 
then extended into the small-Q region using the APS UNICAT USAXS instrument with 1-D collimated 
Bonse-Hart geometry (Q-range from 0.66 Å-1 to 1.2 x 10-4 Å -1. For neutron analysis a time-of-flight 
instrument, Small-Angle Neutron Diffractometer (SAND), at the Intense Pulsed Neutron Source 
(IPNS), Argonne National Laboratory was used to acquire SANS data in the Q range from 1.0 Å-1 to 
3.6 x 10-3 Å -1, while neutron scattering in the small-Q region (from 2.0 x 10-3 Å -1 to 1.55 x 10-5 Å -1) 
was measured using the Bonse-Hart geometry USANS instrument S18 at the Austrian Beam Line, 
Grenoble Research Reactor, France. Both SAXS and SANS data were acquired and processed in a way 
that yields the scattering intensity in absolute units of cm-1, corresponding to the absolute 
scattering cross section. For further detail see Radlinski et al. (2004), Radlinski (2006) and Mares et 
al. (2009; 2012). 
 
Figure 2. Maceral composition of the matrix 
samples. 
Table 1. Coal properties of the analysed samples. 
Figure 3.  A) SANS/USANS porosity of all samples (dry coals); B) 
Average matrix and vitrain results; C) Proportion of SSA 
contributed by each pore size; and D) current data plotted on 
coal porosity trend curves. 
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Figure 4. Adsorption isotherms on a dry ash free basis for (A) methane and 
(B) carbon dioxide. Adsorption isotherms from the Renown seam are 
indicated with dashed lines while those from the Kupakupa seam are 
displayed as solid lines. 
. 
Table 2. Correlation table comparing gas adsorption 
capacities to coal microstructure. 
Figure 5. Proportion of open and closed porosity for coal, 
generated from data published by He et al., (2012).  
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